T here is strong epidemiological evidence that low levels of total testosterone (T) in men are associated with type 2 diabetes mellitus (T2DM) both cross sectionally and longitudinally (1-8). As a substantial fraction of circulating T is bound to sex hormone-binding globulin (ShBG), it is not clear if the observed association between total T and T2DM reflects an independent androgenic influence on diabetes risk or whether it operates via ShBG. The association of free T and T2DM has been inconsistent; some studies have reported a weak relationship (1,2,6), whereas others have failed to find any relationship (3,5). The lack of a strong correlation between free T and T2DM suggests that ShBG may be the primary determinant of the apparent relationship between total T levels and T2DM. however, none of the previous studies that have examined the association of ShBG and diabetes risk has adjusted for total or free T levels, rendering these studies unable to determine whether the reported association of T and diabetes risk simply reflects the effects of ShBG. ShBG and its polymorphisms have been associated with insulin resistance (9). Ding and colleagues (10), in their recent publication, showed prospectively that low ShBG levels predicted T2DM and that carriers of the rs6257 variant allele of the ShBG single nucleotide polymorphism had 10% lower plasma ShBG levels; however, neither multivariate model was controlled for T levels. Again, this leaves an important question unanswered-does ShBG mediate T2DM risk by modulating androgen action or does it confer this risk independently?
T here is strong epidemiological evidence that low levels of total testosterone (T) in men are associated with type 2 diabetes mellitus (T2DM) both cross sectionally and longitudinally (1) (2) (3) (4) (5) (6) (7) (8) . As a substantial fraction of circulating T is bound to sex hormone-binding globulin (ShBG), it is not clear if the observed association between total T and T2DM reflects an independent androgenic influence on diabetes risk or whether it operates via ShBG. The association of free T and T2DM has been inconsistent; some studies have reported a weak relationship (1, 2, 6) , whereas others have failed to find any relationship (3, 5) . The lack of a strong correlation between free T and T2DM suggests that ShBG may be the primary determinant of the apparent relationship between total T levels and T2DM. however, none of the previous studies that have examined the association of ShBG and diabetes risk has adjusted for total or free T levels, rendering these studies unable to determine whether the reported association of T and diabetes risk simply reflects the effects of ShBG. ShBG and its polymorphisms have been associated with insulin resistance (9) . Ding and colleagues (10) , in their recent publication, showed prospectively that low ShBG levels predicted T2DM and that carriers of the rs6257 variant allele of the ShBG single nucleotide polymorphism had 10% lower plasma ShBG levels; however, neither multivariate model was controlled for T levels. Again, this leaves an important question unanswered-does ShBG mediate T2DM risk by modulating androgen action or does it confer this risk independently?
This issue has important clinical implications. If low T levels confer the increased risk of T2DM, then T therapy in men with low T levels would be expected to reduce the risk of T2DM. On the other hand, if ShBG is the primary determinant of T2DM risk, then totally different clinical and public health strategies that target factors that regulate circulating ShBG levels would be desirable. Indeed, the observed association of low T levels with T2DM in epidemiological studies has been used as an argument to rationalize clinical trials of T therapy to prevent T2DM in middle-aged and older men with low T levels. Although some small short-term trials of T therapy have been conducted in men with T2DM or in men at risk for T2DM, the results of these trials have been conflicting. For instance, Basu and colleagues (11) showed that 2 years of T treatment in elderly men with low or low normal T levels did not improve carbohydrate tolerance, insulin secretion, insulin action, glucose effectiveness, hepatic insulin clearance, or the pattern of postprandial glucose metabolism. Other studies also have failed to confirm a beneficial effect of androgen therapy on insulin sensitivity or T2DM risk (12) (13) (14) (15) (16) . In fact, neither the long-term benefit nor the potential harm of T therapy has been established. Therefore, it is important to ascertain whether T or ShBG is the primary determinant of the risk of incident T2DM.
Accordingly, we used the longitudinal data from a large sample of community-dwelling men participating in the Massachusetts Male Aging Study (MMAS) to evaluate prospectively whether ShBG is a significant predictor of incident T2DM, independent of T. In our previous analysis of the MMAS cohort in which sex hormones were used to predict T2DM at the first follow-up visit (2), multivariate models containing ShBG were adjusted for free T but not for total T. In that report, ShBG and free T were shown to both jointly and independently predict T2DM. In the current analysis, we included data from the second follow-up and examined the predictive ability of ShBG by adjusting for free T as well as total T in multivariate models in which we also adjusted for other covariates that might affect the risk of T2DM. We hypothesized that ShBG would independently predict T2DM after adjusting for free T or total T. If so, this would imply that the risk of T2DM associated with low levels of sex steroids is mediated exclusively by ShBG.
Methods

Participants
The MMAS is a population-based observational cohort study of aging men, who were observed at three time points: baseline, 1987-1989; first follow-up, 1995-1997; and second follow-up, 2002-2004. The sampling design and field protocol have been described in detail previously (17) . Briefly, men aged 40-70 years were randomly selected from 11 cities and towns in the Boston, Massachusetts area. At baseline, a total of 1,709 men were enrolled in the study. MMAS participants were typically employed (78%), married (75%), had completed high school (71%), and nearly half were Catholic (48%). Many had earned at least a bachelor's degree (42%). The racial distribution at baseline was as follows: 1,629 (95.5%) white, 52 (3.0%) black, 14 (0.8%) Asian, 1 (0.1%) American Indian, and 10 (0.6%) reported their race as other; three men were missing information on race. The low representation of racial minorities (4%) was consistent with the demographic composition of the Greater Boston, Massachusetts, population at the time of survey (18) . At the first follow-up phase, 1,156 completed an interview. At the second follow-up phase, 853 were interviewed. The analysis of the relationship between sex hormones and T2DM at the first follow-up has been previously reported by Stellato and colleagues (2) . In that analysis, data from 1,030 men were pooled to identify the predictors of incident T2DM (n = 54) at the first follow-up.
The sample used for this analysis was obtained as follows. Data were available on 1,707 men at baseline. Men not followed at both follow-ups were excluded (423 men). An additional 142 men with T2DM at baseline were excluded. Finally, 14 men were excluded because of missing data on hormone levels and diabetes status on follow-up. Thus, the final analysis for this study was conducted on 1,128 men.
Data Collection and Measures Used
A trained field technician and phlebotomist visited each participant in his home and administered a health questionnaire and performed a psychological assessment. height, weight, and waist and hip circumferences were measured using standardized procedures developed for large-scale epidemiological field studies. Blood pressure measurements while the participant was seated were obtained at two points, 25 minute apart, and were averaged. The interview included questions concerning smoking, physical activity (19) , and alcohol (20) . The outcome variable for this study was a new diagnosis of T2DM postbaseline. T2DM was defined by either use of insulin or oral hypoglycemic agents or a positive response to the question, "have you ever been told by a health professional that you have diabetes?" Self-report of diabetes has been shown to be a valid and accurate marker of T2DM (21) .
hormone Measurements
Nonfasting blood samples were drawn within 4 hours of the participant's awakening to control for diurnal variation in hormone levels. Two samples were drawn 30 minutes apart and pooled for analysis to control for episodic secretion. Blood was kept in an ice-cooled container for transport and was centrifuged within 6 hours. Serum was stored in 5-mL scintillation vials at −20°C, shipped to the laboratory within 1 week by same-day courier, and stored at -70°C until assay. All hormone measurements were performed in the laboratory of Dr. Christopher Longcope at the University of Massachusetts Medical Center (Worcester, MA). Total T and ShBG were measured by previously described immunoassays (Diagnostic Products Corp., Los Angeles, CA, for total T and Farmos kit, Oulunsalo, Finland, for ShBG). Intra-assay coefficients of variation for these assays were 5.4% and 5.0%, respectively. Interassay coefficients of variation were 8.0% and 6.0%, respectively. Free T was calculated from total T and ShBG measurements using Vermeulen's equation (22) .
Statistical Analysis
Descriptive statistics, proportions for categorical variables, and means and standard deviations for continuous variables were used to describe the baseline analytic sample (n = 1,128). The purpose of the analysis was to determine whether sex hormone levels were predictors of incident T2DM during follow-up. Person-years were accumulated from baseline to the year of event or date of last contact. Proportional hazards regression models with time-dependent covariates were used to assess the association of ShBG and T levels with risk of developing T2DM during follow-up. hazard ratios (hrs) were reported for each 1 SD decrease in hormone concentration and for quartiles of the hormone distributions. We chose men in the highest sex hormone quartile as the reference category for computing hrs. Multiple regression models, estimated using Cox regression models, were used to adjust for potential confounders. Significance was determined as p < .05. Table 1 displays baseline characteristics of the analytic sample that contained 1,128 men, who did not have T2DM at baseline. Their total and free T levels were in the midnormal range and so was their ShBG level. The mean age of the cohort was 53.7 ± 8.3 years, and the mean body mass index (BMI) was 27 ± 4.1 kg/m 2 . In comparison with men not included in the analytic sample, men in the analytic sample were younger, had a slightly lower BMI, and had smaller proportions of those with heart disease and Notes: BMI = body mass index; ShBG = sex hormone-binding globulin; T = testosterone.
Results
* Men in the analytic sample did not have type 2 diabetes mellitus (T2DM) at baseline, were interviewed at the first follow-up, were not missing information on baseline T and ShBG, and were not missing information on T2DM status at all time points. Two participants missing age information were excluded from the comparison.
† To convert total and free T values from nanograms per deciliter to nanomoles per liter, multiply the values in nanograms per deciliter by 0.0347. hypertension. This was expected as men who had T2DM at baseline were excluded and those who were deceased or seriously ill were not followed. Importantly, hormone concentrations did not differ in the analytic sample from those excluded.
Men were followed for an average of 13 years for the development of T2DM. There were 90 men in the analytic sample who had a new diagnosis of T2DM during 14,638 person-years of follow-up, yielding an overall incidence rate of 6.2 per 1,000 person-years. Correlations between the hormones of interest were as follows: total T with ShBG = 0.29, total T with free T = 0.80, and ShBG with free T = −0.30. Table 2 displays the age-adjusted mean ShBG and total and free T levels at baseline according to incident T2DM status. Serum ShBG and total T levels were significantly lower in men who developed T2DM compared with men who did not (ShBG: 26.0 ± 1.6 vs 32.5 ± 0.5 nmol/L, p < .001 and total T: 468.3 ± 18.0 vs 529.3 ± 5.3 ng/dL, p = .001). On the other hand, baseline free T levels were not significantly different among men who developed T2DM and those who did not develop T2DM (11.3 ± 0.4 vs 11.8 ± 0.1 ng/dL, p = .34). Free T levels did not differ in men with and without T2DM even prior to age adjustment.
Because age and BMI are important contributors to T2DM risk, we adjusted for these covariates in the analyses. Age-and BMI-adjusted hrs with 95% confidence interval (CI) for developing incident T2DM are displayed in Table 3 . The risk of developing T2DM per standard deviation decrease in hormone concentration was greatest for ShBG (hr = 1.93, 95% CI, 1.38−2.70, p = .0001).
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Total T and free T were not significantly associated with T2DM. Figure 1 shows the risks of T2DM associated with hormone quartiles. ShBG displayed a dose-response relation with incident T2DM. The highest risk of developing T2DM was associated with the lowest quartile of ShBG (hr = 3.97, 95% CI, 1.9-8.36, p = .0019), followed by the lowest quartile of total T (hr = 1.73, 95% CI, 0.9-3.33, p = .01); the lowest free T quartile was not predictive of future T2DM (hr = 1.31, 95% CI, 0.65-2.66, p = .74). Table 4 shows the results of Cox regression models for predicting T2DM after multivariate adjustment for age, BMI, smoking, high blood pressure, alcohol intake, and physical activity. In models that tested the role of the sex hormones in separate models, ShBG was most strongly associated with T2DM, with hr = 2.0 (95% CI, 1.42-2.82, p < .0001) associated with a 1 SD decrease in ShBG. Total T was relatively weakly associated with T2DM (hr = 1.29, 95% CI, 1.01-1.66, p = .04), and free T was not statistically significantly associated with T2DM. The strong association of ShBG with T2DM persisted even after additional adjustment for total T (hr = 1.95, 95% CI, 1.34-2.82, p = .0004) or free T (hr = 2.04, 95% CI, 1.44-2.87, p < .0001).
Discussion
In a prospective study of 40-to 70-year-old men, among the sex hormones examined, ShBG is the most powerful predictor of T2DM; total T weakly predicts T2DM, whereas free T does not. The predictive ability of ShBG is independent of total and free T, whereas neither total nor free T predicts T2DM independent of ShBG. This confirms our hypothesis that the observed risk of T2DM in men with low T levels is mediated primarily through ShBG. We posit that previously reported associations between total T and T2DM are a reflection of the underlying relationship between ShBG and T2DM. The magnitude of the associations of lower ShBG and lower total T in men with incident T2DM is comparable with those of previous studies (1-3,5,6 ), although this study has a different conceptual frameworkone that posits ShBG as the primary determinant for the risk of incident T2DM. These results not only confirm the findings of our previous analysis (2) in terms of a central role for ShBG but also differ from it in that free T did not predict T2DM in the current analysis. There are several possible explanations for this difference-the current analysis represents a longer follow-up, a larger sample size, and a higher number of incident cases of T2DM, thereby adding greater power to the analysis. Furthermore, the final models Notes: ShBG = sex hormone-binding globulin; T = testosterone. * Model including ShBG, total T, or free T alone plus age, body mass index (BMI), high blood pressure, smoking, alcohol intake, and physical activity. † Model including total T and ShBG plus age, BMI, high blood pressure, smoking, alcohol intake, and physical activity. ‡ Model including free T and ShBG plus age, BMI, high blood pressure, smoking, alcohol intake, and physical activity. § To convert total and free T values from nanograms per deciliter to nanomoles per liter, multiply the values in nanomoles per liter by 0.0347.
in this analysis were adjusted for additional covariates such as age, smoking, and physical activity. The difference in method of free T estimation is another possible factor; the previous analysis measured free T using a centrifugal ultrafiltration technique, whereas in the current analysis, free T levels were calculated by using mass action equations. Our findings support the recent work of Ding and colleagues (10) who demonstrated the role of low ShBG levels in T2DM risk prospectively as well as the association ShBG genotypes with this risk. The unique aspect of our manuscript is that unlike any previous study, we adjusted the analyses for total and free T levels and demonstrated a pivotal role of ShBG in diabetes risk. recent elucidations of ShBG structure, gene expression, and specific membrane receptor (ShBG-r) (23) (24) (25) (26) (27) have added further complexity to our understanding of ShBG function. earlier studies had suggested that ShBG receptor is either a G protein-coupled receptor or functionally linked to one and that the receptor-mediated action of sex steroidbound ShBG uses cyclic adenosine monophosphate as a second messenger, which in turn modulates androgen receptor transcriptional activity (28, 29) . The ShBG/ShBG-r system was believed to work as an additional control mechanism to modulate the effects of dihydrotestosterone and estradiol in cells (23) . recently, hammes and colleagues (30) described the presence of megalin, an endocytic receptor for ShBG, which transports ShBG-bound sex steroids into the cell. This provocative finding challenges the free hormone hypothesis-the idea that only free sex steroids are biologically active-and implies that ShBG has a role beyond that of a circulating transport protein; our data support this viewpoint. Additionally, there is growing evidence that ShBG levels are genetically determined (31, 32) . Polymorphisms of ShBG promoter have been linked not only to ShBG levels and diabetes risk (10) but also to levels of androgens and glucuronidated androgen metabolites (33) , underscoring the potential of ShBG as an independent marker for several pathophysiological processes.
Our findings suggest a need for a revised interpretation of the previously reported relationship between T levels and the risk of T2DM. We assert that these data do not support the use of T therapy to prevent T2DM. rather, prevention strategies should focus on factors that regulate circulating ShBG, such as adiposity, inflammation, and insulin resistance. It is possible that the observed inverse correlation between T and inflammatory cytokines (34, 35) may be mediated primarily by ShBG levels. Conflicting results of the response of inflammatory markers to T therapy (36) (37) (38) (39) (40) (41) (42) strengthens this proposition further. Although ShBG has received little attention as an inflammatory marker, its role as a marker of insulin resistance has been well recognized. Insulin negatively regulates ShBG production in the liver (43) (44) (45) (46) . Population studies have consistently reported a negative correlation between ShBG and insulin resistance (47-51). hence, ShBG appears to be a marker of insulin resistance that can be used to identify men at risk for developing T2DM. Further studies would be needed to test if ShBG is an earlier and a stronger predictor of inflammation and insulin resistance than the existing components of metabolic syndrome and whether ShBG should be considered as an additional component of the metabolic syndrome.
Although MMAS allowed us to follow a large cohort of community-dwelling men over a significant period of time, this study has some limitations. Glucose and insulin concentrations were not available as the blood samples drawn were not in the fasting state. Additional adjustment for these in the final model would have given additional validation to our findings and helped determine whether low ShBG levels are a cause rather than a consequence of elevated insulin levels. however, this question has been addressed in longitudinal studies (1, 5) by adjusting for insulin levels in multivariate models predicting metabolic syndrome and T2DM even after which, ShBG has remained a significant risk predictor. We relied on self-report to record incident cases of T2DM. Although this leaves open the possibility that not all cases of T2DM were detected and that some asymptomatic individuals with mild T2DM might have been missed, underreporting would not compromise the positive associations of T2DM with total T and ShBG and makes these strong associations all the more remarkable. These limitations should be considered in light of the strengths of the study, which include a random population-based sample of generally healthy well-characterized men from a defined geographic area, the ability to statistically adjust for a number of factors that could confound the association of ShBG and T with T2DM, the length of follow-up, and the relatively sizable number of events.
In conclusion, although a predictive relationship between ShBG and T2DM has been suggested in previous studies, using prospective data from a large sample of normally aging men, we demonstrated that ShBG is a robust predictor of T2DM, whose predictive ability is independent of total and free T, suggesting that ShBG mediates its effects through nonandrogenic pathways. The implication of our findings is that the strategies for prevention of T2DM should be directed at factors that determine ShBG rather than at raising T levels. Further studies are needed to determine if ShBG can be used as a reliable marker to assess the efficacy of currently prescribed interventions, such as therapeutic lifestyle changes and/or pharmacological methods, aimed at preventing the development of T2DM.
